Utilities and regulators are placing increasing emphasis on appliance demand side management programs as part of efforts to increase energy efficiency and reduce greenhouse gas emissions. A key step in the planning, implementation and evaluation of appliance programs is development of statistical models of these markets. This paper provides the results of a detailed assessment of residential appliance markets in British Columbia. Information on prices and sales of refrigerators, freezers, clothes washers and dishwashers and the key drivers of prices and sales were used to build a comprehensive market database. Demand and supply models were estimated for each appliance, using both ordinary least squares and maximum likelihood estimation, with the latter controlling for autocorrelation in the residuals. The paper makes two main contributions: first, it is one of the few papers to provide updated appliance demand elasticities covering the post-2000 period; and, second, it appears to one of the few papers modelling the supply side of the appliance markets.
Introduction
Through the late 1980's a number of utilities began to offer demand side management (DSM) programs in response to changes in the incentive mechanisms they were offered by Public Utility Commissions. The intent of these mechanisms was to put supply-side and demandside options on an equal footing given evidence that it was sometimes more cost effective, at the margin, to change-out current technologies for new ones than to increase energy system capacity to handle ever larger energy loads. The development of integrated resource planning formalized the insights of DSM planners, provided a consistent framework in which the range of relevant energy supply options could be fairly compared, and led to the development of market-based policy initiatives to address energy efficiency concerns. In the residential sector, appliances are major end uses for electricity, and many utilities have developed programs to improve residential appliance efficiency.
A first step in DSM planning is the development of a comprehensive understanding of the market for the product of interest. This is typically done through market modelling using demand and supply analysis based on product sales and on sales price information. Several studies have undertaken analysis of the demand side of durable goods markets, although analysis of the supply side of markets is less common. In an early paper, Hymens [1] modelled the market for automobiles using a linear regression framework with stock adjustment. Golder and Tellis [2] examined the markets for clothes dryers, room air conditioners and refrigerators using a Cobb-Douglas diffusion framework. Jain and Rao [3] reviewed the markets for room air conditioners and clothes dryers using non-linear diffusion models. Dale [4] modelled the demand for refrigerators, clothes washers and dishwashers. All of these papers focus on the estimation of price elasticities of demand and (usually) activity elasticities of demand.
Several papers have examined additional aspects of appliance markets and energy efficiency. Duke and Kammen [5] found that accounting for interaction between demand response and production response for electronic ballasts increased the estimated consumer benefit cost ratio. Horowitz [6] found that coordinated national electronic ballast programs were more cost effective than local efforts. Horowitz and Haeri [7] found that energy efficiency investment costs were fully capitalized in housing prices so that purchasing an energy efficient house was cost effective. Jaffe and Stavins [8] found that higher insulation levels in new residential housing appropriately reflect higher energy prices. Tiedemann [9] found that energy prices, economic activity, and DSM programs were key drivers of sales of Energy Star and non-Energy Star refrigerators. Other related studies include [10] - [20] .
Few published studies appear to have modelled both the demand for and supply of residential appliances for the post-2000 period. The paper makes two main contributions: first, it is one of the few papers to provide updated appliance demand elasticities for the major household appliances covering the post-2000 period; and, second, it appears to one of the few papers modelling the supply side of the appliance markets.
Model and Data
In this paper, we use market analysis to understand the impact of price and activity drivers on sales of refrigerators, freezers, clothes washers and dishwashers in British Columbia. First, a database of appliance sales, appliance prices and key drivers was developed using publicly available information. Second, the information in the database was used to estimate econometric models of product supply and product demand for each of these appliances. Third, the results expressed as elasticities were compared with the results in the relevant published literature. It is convenient to view a single appliance market in isolation and abstract from linkages to other markets. Consider the following simple two-equation model, where (1) is the demand curve for an appliance and (2) is the supply curve for an appliance. In these equations, quant it is the residential demand for product i in year t, price it is the average price of appliance i in year t, start it is the number of housing starts in year t, trend t is the year starting at 2000 = 1, exrate t is the exchange rate in year t , ε it is an error term, and ln represents the natural log of the variable.
(1) lnquan it = α 1 + β 1 lnprice it + γ 1 lnstart t + ε it (2) lnprice it = α 2 + β 2 trend t + γ 2 lnexrate t + ε it Equation (1) represents the demand for appliance i and says that log of the demand for appliance i is a linear function of the log of the price, the log of the number of housing starts, and an error term. This is a conventional demand curve where the demand for a product is a function of the price and an activity variable. Equation (2) represents the supply for appliance i and says that the log of the price for appliance i is a linear function of a trend term, the log of the exchange rate, and an error term. This supply equation assumes that any quantity of a given appliance will be offered by suppliers at a price which is determined by trend term and by the exchange rate for the Canadian dollar. These assumptions mean that the market model is recursive in the sense that price is first determined by equation 2 and then quantity is determined by equation 1.
Two versions of these equations are estimated. In the first version, it is assumed that the errors are normally distributed with constant mean, and that there is no autocorrelation. This means that that the errors are not correlated from one period to the next period, and that estimation using ordinary least squares (OLS) is appropriate.
In the second version, it is assumed that the errors are normally distributed with constant mean, but that there is first-order autocorrelation. This means that the error in period t affects the error in period t + 1, and it also means that although OLS still provides unbiased estimates of the regression parameters, the estimated standard errors of the parameters are not correct.
Maximum likelihood (ML) estimation is appropriate in this situation and it is the second estimator used in this study. Table 1 provides a summary of the data used in this study. The mean, standard deviation, minimum value and maximum value for each variable are shown. Information sources are the Canadian Association of Appliance Manufactures (appliance shipments), BC Hydro (appliance prices), BC Statistics (housing starts), and Bank of Canada (exchange rate). Table 2 presents the regression results for refrigerators. Equation (1) is the OLS demand curve for refrigerators. The equation says that a one percent increase in housing starts increases sales of refrigerators by 0.34 percent, and a one percent increase in refrigerator prices decreases sales of refrigerators by 0.52 percent. Equation (2) is the OLS supply curve. The equation says that a one year change in the trend term decreases price by 0.016 percent, and a one percent increase in the exchange rate increases price by 0.069 percent. Equation (3) is the ML demand curve for refrigerators. The equation says that a one percent increase in housing starts increases sales of refrigerators by 0.31 percent, and a one percent increase in refrigerator prices decreases sales of refrigerators by 0.64 percent. Equation (4) is the ML supply curve. The equation says that a one year change in the trend term decreases price by 0.015 percent, and a one percent increase in the exchange rate increases price by 0.082 percent. Table 3 presents the regression results for freezers. Equation (1) says that a one percent increase in housing starts increases sales of freezers by 0.24 percent, and a one percent increase in freezer prices decreases sales of freezers by 1.22 percent. Equation (2) says that a one year change in the trend term decreases price by 0.015 percent, and a one percent increase in the exchange rate increases price by 0.0028 percent. Equation (3) says that a one percent increase in housing starts increases sales of freezers by 0.29 percent, and a one percent increase in freezer prices decreases sales of freezer by 0.96 percent. Equation (4) says that a one year change in the trend term decreases price by 0.14 percent, and a one percent increase in the exchange rate increases price by 0.035 percent. Table 4 presents the regression results for clothes washers. Equation (1) says that a one percent increase in housing starts increases sales of clothes washers by 0.24 percent, and a one percent increase in clothes washer prices decreases sales of clothes washers by 0.96 percent. Equation (2) says that a one year change in the trend term decreases 0.016 price by percent, and a one percent increase in the exchange rate increases price by 0.038 percent. Equation (3) says that a one percent increase in housing starts increases sales of clothes washers by 0.21 percent, and a one percent increase in clothes washer prices decreases sales of clothes washer by 1.08 percent. Equation (4) says that a one year change in the trend term decreases price by 0.014 percent, and a one percent increase in the exchange rate increases price by 0.061 percent. Table 5 presents the regression results for dishwashers. Equation (1) says that a one percent increase in housing starts increases sales of dishwashers by 0.59 percent, and a one percent increase in dishwasher prices decreases sales of dishwashers by -1.41 percent. Equation (2) says that a one year change in the trend term decreases price by 0.010 percent, and a one percent increase in the exchange rate increases price by 0.064 percent. Equation (3) says that a one percent increase in housing starts increases sales of dishwashers by 0.67 percent, and a one percent increase in dishwasher prices decreases sales of dishwashers by 0.85 percent. Equation (4) says that a one year change in the trend term decreases price by 0.0098 percent, and a one percent increase in the exchange rate increases price by 0.073 percent. Three comments on the regressions follow. First, every regression has an adjusted R-squared value of at least 0.75 which says that each equation is explaining at least 75 percent of the variance in the outcome variable. These results suggest that these regression models are explaining the outcome variables well.
Estimation and Results
Second, it was noted above that autocorrelation in the residuals can lead to misleading estimates of the standard errors. The Durbin-Watson statistic provides a test for the presence of autocorrelation, with the autocorrelation coefficient being zero when the DurbinWatson statistics is two. For refrigerators, freezers and clothes washers, the Durbin-Watson statistics for both the OLS demand and the OLS supply equations provide some evidence of autocorrelation which in each case is reduced substantially by the ML estimates for the demand equations and the ML estimates for the supply equations, given that the Durbin-Watson statistics move closer to the value two. The one exception is the quantity equation for dishwashers where the ML equation is marginally worse, although the supply equation is improved with the ML regression. Since the statistical results are improved or in one case only marginally poorer with the ML rather than the OLS regressions, the ML results are used in the comparative analysis in the next section. Table 6 provides a comparison of results for this study with previously published results for consumer durables. For each referenced study, the table shows the product, the price elasticity of demand, the activity elasticity of demand, and the time period covered. The studies use similar econometric models so that the results should be reasonably comparable. It should be noted that with the exception of the Jain study which estimates elasticities at the brand level, all of the other reported results are at the appliance market level.
Discussion
Price elasticities of demand vary from a low value of -0.14 for clothes dryers to a high value of -1.72 for room air conditioners. The price elasticities for the present study are nested within these bounds. The activity elasticities of demand vary from a low value of 0.21 for clothes washers to a high value of 3.08 for automobiles. The activity elasticities for the present study are mostly at the lower end of this reported range of activity elasticity values. 
Conclusion
Utilities and regulators are placing increasing emphasis on appliance demand side management programs as part of efforts to increase energy efficiency and reduce greenhouse gas emissions. A key step in the planning, implementation and evaluation of appliance programs is development of statistical models of these markets. This paper provides the results of a detailed assessment of the markets for major household appliances in British Columbia markets. Information on of prices and sales of refrigerators, freezers, clothes washers and dishwashers and the key drivers of prices and sales are used to build a comprehensive market database. Demand and supply models are estimated for each appliance, using both ordinary least squares and maximum likelihood estimation.
Four main conclusions follow from this work. First, this is one of the few recent studies to examine the demand for residential appliances using standard econometric methodology. The price and activity elasticities of demand are consistent with earlier studies suggesting that there have not been major changes in the structure or functioning of these markets.
Second, none of price elasticities of demand are statistically different from the benchmark of -1.0. Price elasticities greater than -1.0 in absolute value mean that demand is elastic so that an increase in price reduces revenue. Price elasticities lower than -1.0 in absolute value mean that demand is in elastic so that an increase in price reduces revenue. Price elasticities of -1.0 mean that demand has unitary elasticity so that a change in price has no impact on revenue. The evidence in this study is consistent with the hypothesis that price changes have relatively little impact on revenues.
Third, the activity elasticities of demand are all well below 1.0. This reflects the fact that this activity variable reflects purchases of appliances for new dwellings, but does not adequately capture purchase of replacement appliances, which are the larger part of the appliance market. Attempts to capture the impact of the replacement market using disposable income as a driver were not successful. This is an area of research that merits further investigation.
Fourth, this appears to be one of the few studies to incorporate the supply side into market analysis. The key finding here is that the price of residential appliances responds strongly to the exchange rate. If the Canadian dollar becomes cheaper, then more Canadian dollars are needed to import appliances so the supply price of appliances as reflected in the supply curve increases. This result reflects the fact that following the introduction of the North American Free Trade Agreement, appliance production has been rationalized and most appliances purchased in Canada are now produced in other countries.
